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Abstract 
EDM machinability of PCD was investigated using a copper electrode giving ultrasonic vibrations. In this series of EDM 
experiments, three types of ultrasonic vibration modes were selected (axial vibration, flexural vibration and complex vibration). 
From the experimental results, it was found that EDM efficiency became 3 times higher than the ordinary EDM (no vibration given 
to the electrode) under the two specific vibration modes, namely, 1) the axial vibration (large) mode and 2) the complex vibration 
(axial vibration: large + flexural vibration: small) mode. Furthermore, it was shown that the effects resulted from not only the 
cavitation effect of the working fluid but also the vibrational action of the electrode itself. 
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1. Introduction 
Having a special feature of facture toughness despite 
the hardness, polycrystalline composite diamond (PCD) 
materials are widely used for cutting tools. At the same 
time, many problems have been reported in processing 
the PCD by grinding or electrodischarge machining, 
since PCD itself is one of the most difficult to machine 
materials. Particularly in discharge forming of the PCD, 
machining efficiency becomes significantly low though 
machining can proceed due to the presence of a metal 
catalyst such as cobalt in the PCD, which can discharge 
an electric current. But, there are many cases where the 
EDM machining becomes impossible. It has been 
reported that the PCD can be formed by EDM 
successfully by controlling the EDM conditions [1], but 
a demand for further improvement of the machining 
efficiency is still high. As one of the measures to cope 
with this problem, the authors have proposed the idea of 
using electrically conductive diamond particles as a 
structure material of the PCD [2~5] and produced a rich 
harvest. 
The authors have attempted in their previous 
researches to improve the efficiency in machining 
ferrous materials by giving various types of ultrasonic 
vibration modes to the electrode [2]. In this study, with 
the aim to improve the machinability of the existing 
PCD (herein after C-PCD: Conventional PCD) 
composed of non-conductive diamond particles, effects 
of giving ultrasonic vibrations to a copper electrode on 
the machining characteristics in the die sinking EDM 
was investigated. In addition, another EDM experiment 
was conducted using the same discharge conditions but 
without giving vibrations to the electrode and instead 
with giving the ultrasonic vibration to the working fluid 
[6], and the effects on the EDM characteristics were 
studied. 
2. A Device and Conditions for the EDM Experiment 
Giving Ultrasonic Vibrations to the Electrode 
The schematic illustration of the experimental device 
and a state of the experiment are shown in Fig. 1. As a 
horn to give ultrasonic vibrations to the copper 
electrode, the one with a copper electrode (6.2mm width 
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and 2.2mm height) combined was used. This copper 
electrode was mounted on a spindle of the die sinking 
EDM machine and fixed the PCD workpiece on the table 
with a vice. The experimental conditions are shown in 
Table 1. The PCD grade with a grain size of φ10µm was 
selected. The EDM experiment was performed in the oil 
with a working fluid ejected from a side of the 
workpiece through a nozzle of φ3.5mm. Three types of 
ultrasonic vibration modes, namely, axial vibration, 
flexural vibration and the complex vibration, were 
applied to the electrode (Fig. 2). In any of those 
vibration modes, two levels of vibration amplitude, large 
and small were set switchable, and the effects in the 
varied amplitude were studied. As for the discharge 
conditions, setting the electrode polarity “-”, the other 
conditions were set so that C-PCD can be machined 
without giving ultrasonic vibration. Setting the total 
EDM time as 10 minutes, machining efficiency, wear 
rate of the electrode and the surface roughness of the 
workpiece were evaluated. 
3. Machining Characteristics in the Die Sinking EDM 
of PCD Using the Ultrasonically Vibrated 
Electrode 
3.1. Effects on the Removal Efficiency 
For A result on the removal efficiency is shown in 
Fig. 3(a). In the case of the ordinary die sinking EDM 
where ultrasonic vibrations were not given to the 
electrode, the removal efficiency obtained was 0.016 
Table 1. Experimental device and conditions 
Machines 
used 
Die sinking EDM machine (AP35L, Sodick) 
Power supply device (LN1, Sodick) 
Ultrasonic wave oscillator 
(Multi LAP, ML-35M Modified type, Taga Electric) 
Electrode 
Copper electrode with a horn combined 
(Discharge area: 6.2×2.2mm2) 
Axial vibration: 28±4kHz, Flexural vibration: 
39±6kHz 
Workpiece S-PCD (Diamond grain size: φ10µm, Size: 8.0×7.0×tPCD0.4 mm3) 
Working fluid Oil (VITOL2, Sodick) with a jet 
Discharge 
conditions 
Electrode polarity [-] ui=120V SV=60V Ip=11A 
te/to=0.5/5µs Without forced jump 
Without high pressure synchronization 
Ultrasonic 
conditions 
Vibration mode: Axial vibration (small/large), 
Flexural vibration (small/large), 
Complex vibration (small + large / large + small 
/ large + large) 
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PCD 
 
 
(a) Schematic diagram 
 
 
(b) State of the experiment 
 
Fig.1 Die sinking EDM experiment giving 
         ultrasonic vibration to the electrode 
PCD 
workpiece
Nozzle
Cu electrode combined 
US vibration horn 
PCD 
workpiece
Copper 
electrode
Nozzle
(a) Axial vibration 
Small: 4μmP-P / 
Large: 18μmP-P 
 
(b) Flexural vibration 
Small: 6μmP-P / 
Large: 30μmP-P 
 
(c) Complex vibration 
Axial vibration 
(Small/Large) 
& 
Flexural vibration 
(Small/Large) 
 
 
Fig.2 Various types of ultrasonic vibration mode and amplitude 
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mm3/min. In the case where ultrasonic vibrations were 
given to the electrode, the removal efficiency improved 
in most of the vibration modes. Especially, when the 
vibration mode of axial vibration (large) and complex 
vibration (axial vibration: large, flexural vibration: 
small) were applied, the removal efficiency increased to 
0.046 mm3/min and 0.050 mm3/min, respectively, which 
were 3 times higher compared with the case where 
ultrasonic vibration was not given. In applying the axial 
vibration to the electrode, the removal efficiency became 
1.7 times higher when vibration amplitude was set large 
than the case where the vibration amplitude was set 
small. From the fact that there were some cases where 
no difference was observed in the removal efficiency 
between “with vibration” and “without vibration”, it was 
understood that significant improvement in the removal 
efficiency could be expected by selecting the optimum 
conditions. 
3.2. Effect on the Electrode Wear Rate 
A result on the electrode wear rate is shown in Fig. 
3(b). The wear rate of the electrode was 187% when no 
ultrasonic vibration was given, while it resulted 
extremely large such as 590% when the complex 
vibration (axial vibration: large, flexural vibration: large) 
was given. However, in any case of the other vibration 
modes, the electrode wear rate was smaller than the case 
when no vibration was given. With the complex 
vibration mode (axial: large, flexural: small) where a 
high machining efficiency was attained, the electrode 
wear rate decreased to 86% which is less than a half of 
the rate for the case when no vibration was given. Under 
the condition of the axial vibration: large, the electrode 
wear rate resulted as small as 2% indicating almost no 
wear. Under the conditions of both the flexural 
vibration: large and the complex vibration (axial: small, 
flexural: small), a little increase in the volume of the 
electrode was recorded. This is thought to be due to the 
adhesion of the oil-decomposed carbon to the electrode 
surface. 
3.3. Effect on the Surface Roughness 
Measurement results of the surface roughness on the 
workpiece are shown in Fig. 3(c). The maximum height 
of the machined surface Rz was in the range of 
2.72~3.55µm in any experimental conditions, and no big 
difference was observed. Having observed the surface 
condition of the PCD workpiece on the SEM, no deep 
discharge mark was found and the worked surface 
exhibited relatively good condition in any experimental 
conditions (Fig. 4). 
3.4. Comparison of Discharge Wave Profile 
Fig. 5 shows wave profiles of the electrical current 
and voltage when EDM machining was conducted for a 
period of 2.3 seconds under each condition of “without” 
and “with” ultrasonic vibrations.  Compared to the case 
of “without ultrasonic vibrations”, the discharge 
frequency was higher and the discharge wave profiles 
were kept up in a regular manner in the case where 
ultrasonic vibrations were given, which seems to have 
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(a) Removal efficiency 
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(b) Electrode wear rate 
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(c) Workpiece surface roughness 
 
Fig.3 Effects of ultrasonic vibration on the workability 
(S-PCD[+], Cu electrode[-], ui=120V, 
SV=60V, Ip=11A, te/to=0.5/5µs) 
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led to an increase in the machining efficiency. In 
addition it is notable that the current level is higher in 
the case where ultrasonic vibrations are given, which 
might also help improve the machining efficiency. 
4. EDM Experiment on PCD with Ultrasonic 
Vibration Given to the Working Fluid 
It became clear that a significant improvement of the 
machining efficiency and low wear effect of the 
electrode could be attained by giving the ultrasonic 
vibrations to the electrode. The reason for this 
phenomenon is thought to be an effect to suppress 
accumulations of the debris by a cavitation action 
resulted from the ultrasonic vibrations given to the 
working fluid. So, placing the ultrasonic vibration device 
used as an electrode in the above experiment along the 
side of another copper electrode with no ultrasonic 
vibration given, a similar experiment was carried out 
under the same discharge conditions giving the 
ultrasonic vibration to the working fluid from the 
vicinity of the machining point (Fig. 6). The vibration 
mode used was "the axial vibration (large)". When the 
ultrasonic vibrations were given to the working fluid, the 
electrode wear rate decreased to 1/3 of the case where no 
vibration was given, though no significant difference 
was observed in the machining efficiency (Fig. 7). 
Therefore it is thought that effects of the ultrasonic 
vibrations given to the copper electrode are not only the 
cavitation effect of the working fluid but also the 
acceleration of the discharge machining thanks to the 
ultrasonic vibration of the copper electrode itself. 
 
(a) Without vibration 
 
 
(b) Axial vibration: Large 
 
 
(c) Complex vibration: 
(Axial. Large + Flexural. Small) 
 
Fig.4 SEM observation results of the surface condition 
of the worked PCD 
20µm 
(a) Without vibration (b) Axial vibration: Large 
Fig.5 Comparison of discharge wave profiles 
(S-PCD[+], Cu electrode[-], ui=120V, SV=60V, 
Ip=11A, te/to=0.5/5µs ) 
Voltage 
Current 
40V 
0.5A 
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(a) Schematic diagram of the experiment 
 
 
(b) State of the experiment 
 
Fig.6 Die sinking EDM experiment giving ultrasonic vibration 
to the working fluid 
Nozzle Cu electrode 
(Non vibration) 
US vibration horn 
PCD 
workpiece 
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(a) Removal efficiency 
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(b) Electrode wear rate 
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(c) Surface roughness 
 
Fig.7 Results of the experiment giving ultrasonic vibrations 
to the working fluid 
(Axial vibration: Large, S-PCD[+], Cu electrode[-], 
ui=120V, SV=60V, Ip=11A, te/to=0.5/5µs ) 
5. Conclusion 
In order to improve the machining efficiency in the 
die sinking EDM of the PCD, which is composed of 
non-conductive diamond particles known as a hard to 
machine material, experiments were conducted giving 
various modes of ultrasonic vibrations to the copper 
electrode, and the following results were obtained. 
(1) By giving ultrasonic vibrations to the copper 
electrode, a machining efficiency of the PCD 
improved. Especially, within the range of the 
experimental conditions set out this time, under the 
conditions of the axial vibration: large and the 
complex vibration (axial vibration: large, flexural 
vibration: small), three times higher removal 
efficiency was shown compared with the case where 
no vibration was applied. The electrode wear rate at 
that time was greatly suppressed as well. 
(2) Giving ultrasonic vibrations to the electrode brought 
little difference in the surface roughness of the 
workpiece in comparison with the case when no 
vibration was given, showing a good condition. 
(3) The improved EDM characteristics by giving 
ultrasonic vibrations to the electrode are not only by 
the cavitation effect of the working fluid but also by 
the acceleration of the discharge machining due to 
the ultrasonic vibration of the electrode itself.  
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